Introduction
A large amount of Pu is produced by nuclear power plants and is subsequently processed at nuclear fuel reprocessing facilities. Although the facilities are designed and constructed under the concept of multiple protections, a possibility still exists for a quantity of Pu to be released into the local environment in an accident. Since transuranic elements have significant radiotoxicity to organisms, it is important to determine the contaminant levels near the leak source as soon as possible in order to protect workers/inhabitants from any released Pu and to accurately assess the risk. Though, in Japan, a rapid Pu analysis method for accidents has been established by the Ministry of Education, Culture, Sports, Science and Technology, 1 this method takes 4 -6 h from the sample pretreatment to the determination of Pu. Shortening of the analysis time has been required for emergency monitoring in and around nuclear facilities that handle large amounts of plutonium. Since sample digestion and/or solubilization has previously been the most time-consuming and troublesome steps, it has been difficult to shorten the analysis period. In addition, the Pu in the analytical sample should be solubilized by fusion rather than an acid leaching method since an insoluble Pu can be also released from the plant in an accident. 1 The authors have developed a new method for the analysis of Pu isotopes in a soil sample with the aim of reducing the analytical time. For sample solubilization, an alkali fusion method using a commercial bead sampler with a high-frequency induction coil was adopted for rapid and easy operation. Subsequently, Pu was preconcentrated and removed from most of the matrixes in a solution by using a chelate resin in a batch extraction method. Finally, Pu isotopes were determined with a flow-injection/inductively coupled plasma mass spectrometry (FI-ICP-MS) by using an UTEVA resin, which is one of extraction chromatographic resins, and is recently being used for Pu analysis in environmental samples. The overall analysis period was only 60 min from the start of sample decomposition to the end of the Pu measurement. Limits of detection for 239 Pu and 240 Pu in our method were under the values required for a rapid analysis technique as set by the Ministry of Education, Culture, Sports, Science and Technology, Japan.
Experimental

Instrumentation Bead sampler.
In order to attain rapid and perfect decomposition of the soil sample, a 1-g soil sample was fused with a flux by using a bead sampler (TK-4100 ® , Tokyo Kagaku Co. Ltd., Japan). A mixture of the sample and the flux was placed in a platinum crucible and melted at 1200˚C for 7 min. The crucible was automatically shaken to ensure homogeneity of the sample and the flux during fusion. FI-ICP-MS. The flow-injection system was composed of a glass mini column (Omnifit Ltd., UK, 6 mm i.d. × 250 mm) filled with a solid extraction resin and an integrated liquid handling system (PrepLab ® system, VG Elemental, UK) with six-way valves, two pinch valves and two peristaltic pumps. The output of one port was directly introduced into the ICP-MS system. The injection system was automatically operated for the analysis steps, such as sample injection to the column, washing the resin and the elution of Pu according to a Pu elution program. Pu dissolved in 3 M nitric acid was fed to the UTEVA ® resin, and was then eluted from the resin by the reduction of Pu to Pu(III) by 3 M nitric acid mixed with 0.01 M ascorbic acid after washing the resin. A rapid method for the determination of Pu isotopes in a soil sample within 60 min of starting sample pretreatment was developed. The large reduction in the analysis time was attained by the rapid and perfect digestion of the sample using an alkaline fusion method with an induction heating machine. Pu concentrations were then determined by flow injection/ICP-MS using a solid extraction resin after preconcentration by batch extraction with a chelate resin. The limits of detection for 239 Pu and 240 Pu were 9.2 fg and 4.3 fg, corresponding to 0.03 and 0.05 Bq kg -1 , respectively, under our analytical conditions, which satisfy the lower detection limits (0.5 Bq kg -1 of 239 Pu, and 2 Bq kg -1 of 240 Pu) required for rapid analysis techniques by the Ministry of Education, Culture, Sports, Science and Technology, Japan. This method provides a powerful and practical technique for emergency monitoring in and around nuclear facilities that handle large amounts of plutonium. ® for separating Pu were basically the same as in a reported condition. 3 Flow rate was controlled at 1.2 ml min -1 for the sample solution and washing solution, and was 0.58 ml min -1 for Pu elution. Volume of washing (3.5 ml) and Pu elution (4.8 ml) was minimized for rapid Pu determination. Time from sample injection into the column to Pu elution was approximately 20 min. The Pu in the eluate was measured by using a PQ-ExCell-s ® quadrupole-type inductively coupled plasma mass spectrometer (VG Elemental, UK), which had an extra high voltage, 1.25 kV, for the extraction lens and an additional pump at the first vacuum stage (0.8 mb). Sample solution was introduced to the ICP-MS using an ultrasonic nebulizer (U-6000AT +® , Cetac Technologies, USA). The ICP-MS was tuned in a condition in which the sensitivity of U was similar to that of Bi by using a solution including Be, Co, In, Bi and U. A correction of Pu mass bias was not carried out, since the bias was evaluated to be approximately 1.00 under the used condition. Concentrations of 239 Pu and 240 Pu in the sample solution were determined by the analytical curve method with the certified 242 Pu. To evaluate the interference of 238 UH + on m/z 239, the count rate at m/z 238 ( 238 U) was monitored. The details of Pu determination using FI-ICP-MS and UTEVA resin for an environmental sample were described by Ohtsuka et al. 3 
Reagents and samples
A chelate resin (Chelex ® 100R, Bio-Rad) for the preconcentration of Pu was purchased from Bio-Rad, US. This resin is suitable for recovery of transuranium and for separation from matrix elements, such as alkalines, alkaline earth elements and silicates. 4 A 3-g quantity of the UTEVA ® resin (Eichrom Industries, US) was packed in the glass mini column in order to purify the Pu in the FI-ICP-MS system. This resin was recently used in an on-line column separation of Pu from environmental samples. 2 Pu and 240 Pu in the standard solution was negligibly low, and no correction was made. Nitric acid and ammonia water were EL grade (Mitsubishi Chemical, Ltd., Japan). Acetic acid, ascorbic acid and sodium hydroxide (NaOH) were obtained from Kanto Kagaku Co., Japan. A mixture of potassium carbonate and sodium carbonate as a flux and boric acid as a masking reagent were purchased from Wako Pure Chemical Industries, Ltd., Japan. Double-distilled water was used throughout this study.
Soil samples were collected from the surface (0 -5 cm) of an undisturbed field in Rokkasho Village, Aomori Prefecture, Japan in August, 2003. The soil sample was sieved over 2 mm, and then homogenized. To evaluate the reliability of the determinations of the 239+240 Pu concentration and the 240 Pu/ 239 Pu atom ratio, a certified material [SRM-4357 (a mixture of ocean sediment from off the coast of Sellafield, UK and from Chesapeake Bay, USA)] was obtained from NIST, USA.
Sample digestion
The overall analytical scheme is shown in Fig. 1 . For rapid and complete solubilization of soil, a 1-g portion of the sample was mixed with 2 g of flux in a 1:1 mixture of potassium carbonate and sodium carbonate after a known amount of 242 Pu was spiked as a recovery monitor. A 1-g amount of boric acid was also added to avoid the precipitation of silicate when the fused sample was dissolved in nitric acid. Smaller amounts of both the flux and boric acid proved to be better for rapid fusion and subsequent cooling. The amounts required for dissolution of the 1 g soil sample were determined in pre-experiments using 1 g of silica sand as a trial sample. The mixture of the sample, flux and boric acid was placed in a platinum crucible, and fused using the bead sampler. After cooling, the fused sample was dissolved in 300 ml of 3 M nitric acid.
Chemical separation
A chelate resin was suitable for a quick elimination of the matrix elements, and has been applied to preconcentration of iron, lead and rare earth elements in a solution with high salinity such as a seawater sample. [4] [5] [6] In this work, the resin was used in a batch extraction method for the preconcentration of Pu and removal of the matrix. After 100 ml of 2.5 M acetic acid was added to the solution, the pH of the solution was adjusted to 3.4 with NaOH, and then 30 g of the chelate resin was added to the solution. After the solution was stirred for 7 min, the resin was transported to a glass column (10 mm i.d. × 200 mm length) and subsequently washed with 600 ml of water. The Pu and U were completely eluted from the column with 10 ml of 4 M nitric acid. Concentration of Na, K and B in the elution from the chelate resin column was under 10 µg g -1 , which was low enough not to disturb Pu separation by using the UTEVA resin.
Since the eluate from the chelate resin column included U, which interferes with the Pu measurement in the ICP-MS system through formation of 238 UH + , a further separation of Pu from U was necessary. We have already developed a FI-ICP-MS system using an on-line column filled with UTEVA ® resin, and have successfully applied this technique to the measurement of Pu in solution from the leaching of soil samples. 3 The typical U content in the preconcentrated solution was much higher than that in the leaching solution because of the complete decomposition of soil in the present work. To remove the U in high concentration, the column was lengthened from 72 mm to 250 mm, and the amount of resin was increased from 1.2 g to 3 g.
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Results and Discussion
In a rapid Pu analysis, sample digestion and solubilization had been the most time-consuming and troublesome steps. Although it takes 1 h or longer by the usual decomposition used mixed acid or fusion used a mixture of a sodium carbonate and a lithium borate, our operation from fusion to dissolution could be completed in 9 min. The preconcentrating step by using the chelate resin and Pu determination by the FI-ICP-MS system was finished in 21 and 30 min, respectively. Finally, the analytical time is within 60 min, which corresponds to about 20% of that of a rapid analysis technique set by the Ministry of Education, Culture, Sports, Science and Technology, Japan. The 238 U concentration in the final elution from the on-line column was evaluated to be about 20 pg ml -1 for the analysis of 1 g of a typical soil sample. The concentration was sufficiently low for the analysis of a trace-level Pu in an environmental sample, 2,3 which showed that our separation was a practical procedure.
Limit of detection
The determination limit for
239
Pu using the ICP-MS was evaluated to be 4.0 fg ml -1 from blank solution analyses (n = 5), assuming a Type-I error (α) < 0.05 and a Type-II error (β) < 0.05. In practice, this assumption gives the sum of the mean value and 4-times the standard deviation as the determination limit. 8 The determination limits for 239 Pu, 240 Pu and 242 Pu in the on-line method were calculated from counts at m/z 239, 240 and 242 by blank solution analysis (n = 4) under the same assumption. Typical determination limits for 239 Pu and 240 Pu were 9.2 and 4.3 fg, corresponding to 21 and 36 µBq, respectively. These values correspond to 0.03 and 0.05 Bq kg -1 , respectively, under our analytical conditions using 1 g of sample. The Ministry of Education, Culture, Sports, Science and Technology, Japan sets the lower detection limits of a rapid Pu analytical procedure for emergency use as 0.5 Bq kg -1 and 2 Bq kg -1 for 239 Pu and 240 Pu, respectively. 1 Our detection limits satisfied these values, and demonstrated that this method is applicable to Pu analysis in an emergency case. In terms of its rapidness, our procedure provides a powerful and practical technique for the emergency monitoring of Pu.
Analysis of international certified sample and field samples
The accuracy of the rapid technique was examined by repeated analysis (n = 3) of an international standard material (NIST SRM 4357). Our 239+240 Pu concentration was 10.2 ± 1.0 Bq kg -1 , which is within the certified value (10.4 ± 0.2 Bq kg -1 ). 7 The mean value for Pu recovery and one standard deviation were determined to be 88 ± 15%.
The analysis of the 1-g soil sample collected from the surface of an un-disturbed field in Japan was repeated 5 times. The 239+240 Pu concentration, 240 Pu/
239
Pu atom ratio and recovery of Pu were evaluated to be 0.74 ± 0.12 Bq kg -1 , 0.17 ± 0.01 and 80 ± 17%, respectively. The atom ratio was reasonable for Pu in the general environment, which is similar to the Pu derived from atmospheric nuclear weapon testing (so-called global fallout Pu: ca. 0.18).
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Conclusions
A rapid method that can determine the Pu concentration in a soil sample within 60 min was developed. In previous analytical methods, 4 -6 h was required to obtain similar results to our method. The reduction in time was attained by rapidly and completely digestion using a bead sampler, simple preconcentration of Pu by a chelate resin, and rapid determination by FI-ICP-MS. The limits of detection for 239 Pu and 240 Pu of our method were under the values required for a rapid analysis technique as set by the Ministry of Education, Culture, Sports, Science and Technology, Japan. The results confirm that our rapid method is an effective and practical technique.
